Modification of anisotropic plasma diffusion via auxiliary electrons emitted by a carbon nanotubes-based electron gun in an electron cyclotron resonance ion source Rev. Sci. Instrum. 83, 02A343 (2012) On the mechanism for edge localized mode mitigation by supersonic molecular beam injection Phys. Plasmas 19, 022505 (2012) An alpha particle measurement system using an energetic neutral helium beam in ITER (invited) Rev. Sci. Instrum. 83, 02B718 (2012) Additional information on J. Appl. Phys. The analysis for the calculation of the transport coefficients of a chemically reacting partially ionized gas in the presence of a magnetic field is presented here. Taking the phenomenological kinetic equations and considering the ionization and recombination processes only due to electron impact parameter, the Chapman-Enskog method is used to obtain these transport coefficients. Sample numerical calculations are made for the transport coefficients of a potassium-seeded argon gas.
I. INTRODUCTION
Increasing applications of magnetohydrodynarnics (MHD) in many engineering devices have made it imperative to study the transport phenomena of a partially ionized gas under different nonequilibrium conditions. As it is difficult to make experiments to measure the transport coefficients like electrical conductivity, viscosity, and thermal conductivity, with any desired accuracy at higher temperatures, mainly theoretical work [1] [2] [3] [4] [5] has been done to study and calculate these coefficients in the presence of cross electric and magnetic fields. But, in most of these papers, the effect of ionizational nonequilibrium is neglected, invoking the condition that the average electron-electron collision frequency is much higher than the inelastic electron collision frequency and that the magnitude of the inelastic gain term is less than the loss term. But, in a partially ionized gas, inelastic collisions are dominant and it is necessary to take account of the effects of ionizational nonequilibrium on the transport phenomena.
During the ionizational nonequilibrium process, the inelastic collisions between the neutral particles of the gas and the charged particles play an important role. This involves energy transfer process between the gas species. The changes in the number density and the temperature of the neutral and the charged particJ.es are determined by conservation laws of charge, energy, etc. The chemical reactions giving rise to ionizational nonequilibrium process are assumed to be related to the modified form of the Saha equation as given by Baum and Fang. 6 In the present analysis, making use ofBaum and Fang's6 model of kinetic equations, the electron number densities are evaluated as a solution of continuity and rate equations during ionizational nonequilibrium processes, instead of the Saba equation. Making proper modifications in the energy conservation equation to take account of finite rates of ion ization, it is found that the electrons get redistributed and thus as a result of chemical reactions (of ionization-recombination type), the gas will have more electrons at a reduced energy leveL This analysis is then used to obtain the transport coefficients for such a chemically reacting gas assuming that the electron impacts are the only ionization-recombination processes, without distinguishing between the level of states of atoms or ions. The electron number d.ensity and electron temperature immediately after the chemical reaction are used in the continuity and energy equations.
The modified mathematical expressions of the transport coefficients due to the effects of chemical reactions are given in Sec. n. These have been derived following the analysis of Mitchner and Kruger! and Shkarofsky et al. 7 In Sec. III, the chemical equilibrium parameters and the method for the evaluation of ne and Te from continuity and energy equations are discussed. Section IV gives the numerical results and discussion of the behavior of transport coefficients in a chemically reacting plasma.
II. ANALYSiS
The general form of the kinetic equation as given by Baum and Fang 6 is
,,'
where rPaa' denotes the equilibrium distribution function of the species a anda '(a,a' = e, i, a) 
For a small departure from the equilibrium, la (C) is written as a cartesian tensor expansion in terms of a peculiar particle velocity C CC 
Since the driving terms V In T a , d a , and Sa for translational nonequilibrium appear linearly and are mutually independent, r;I(C), f~I(C) can also be written as 
where
Here, Vaa is the collision frequency between particles of the same species and the subscript h denotes heavy particles.
The transport coefficients are calculated using the basic definitions for current density ja, heat flux vector CIa, and viscous stress tensor r a as
B
Hence the transport coefficients electrical conductivity u, diffusion coefficient tP, thermal conductivity A " and viscosity 7J are obtained as The expansion coefficients /3 ~I, /3 ;1'\ r: 1 are obtained by using f ~l, f;l as given in Eqs. (7) and (8):
The integrals in Eqs. (20) and (21) 
m. CHEMICAL EQUllIBRJUM PARAMETERS
The electron and neutral particle number densities of the seeded partially ionized gas are calculated using the twotemperature Saha's equation as given by Voshall et al., 8 (22) where F = PKlpA (ratio of the partial pressure of seed and parent gas), P g = PK + PA = gas pressure, and
With these values of the electron and neutral particle number densities and temperatures, the particle number densities n;, n~, and the gas temperature immediately after the chemical reactions are calculated using Eqs. (23H27) of Baum and Fang.
6 These equations can be simplified as
(26)
where n~, n;, T;, and T; are the number densities and temperatures that the gas would have if aU the particles are immediately thermalized in each inelastic collision.
During nonequilibrium ionizationaI process, ne and Te are calculated using continuity and energy equations for a transient stationary plasma. In the solution of these equations, the electron number density as calculated from Eq. 
These equations are solved with the initial conditions This completes the mathematical formulation and the methodology to calculate the transport coefficient of any gas in the presence of chemical reactions.
IV. NUMERICAL RESULTS AND DfSCUSSION
The analytical model developed here is used to make sample numerical calculations and to have a qualitative analysis of the effects of ionizational nonequilibrium on the transport coefficients of argon-potassium plasma. Such a plasma is produced by seeding the argon gas with potassium to have sufficient ionization even at gas temperatures in the range of 2000-2500 OK. This partially ionized gas is used as the working fluid for closed cycle MHD generators. Argon gas has also the advantage of a simple structure and a small collision cross section. In this range of temperature, the calculated values of the transport coefficients can be closely approximated by the use of temperature-independent cross sections,9,l0 although argon is known to have a very deep Ramsauer minimum in its scattering cross section. To make a comparison with the experimental results of Cool and Zukoski, 11 the cross-section data given by Zukoski et al. 9 is used in the calculations of transport coefficients. These coeffi-cients are also calculated with the more recent cross-section data given by Sakao and Sato. 10 Ionization and recombination rate coefficients in a nonequilibrium chemically reacting plasma with alkali additives have been investigated theoretically and experimentally by many authors, [11] [12] [13] [14] Table I . As a result of ionizational nonequilibrium, electron number density n; increases, electron temperature T; decreases and the gas temperature increases. But it may be observed that T; decreases very slowly as compared to the rate at which n; increases. Cool and Zukoski ll verified that the n; increases about two orders of (29) and (30) for ne and T. are then solved using the fourth-order Runge-Kutta method. Figure   1 gives the variation of n. during the ionizational nonequL1ib-rium process for the above-mentioned parameters. As seen from the figure, the ionizationa! relaxation is completed in time much shorter than the characteristic time of the following plasma. The time scale is in the range of 0.005-1.0 J.tS. The successive approximations of the transport coefficients are calculated using Eq. (14) for T. = 3000 oK and Tg = 2000 oK. With the above values of n. and T., it was found that convergence increases rapidly as the order of approximation increases, whereas the first approximation differs significantly from the second. There is very little difference between second and third approximations and even this small difference is seen only for a small initial relaxation time. Hence, except for electrical conductivity, coefficients are calculated only up to second approximation. Figure 2 shows the variation of the normalized electrical conductivity 17 during relaxation time. The normalization has been done with respect to its equilibrium value. In these calculations, the average cross-section data given by Zu- [Case (B) ) are used. These curves are represented by continuous lines for Case (A) and by broken lines for Case (B). The first three approximations of the electrical conductivity are computed to examine the rate of convergence of these approximations. The second and third approximations are found to converge, but as seen from the figure the convergence is not very fast at lower relaxation times. This is true for both cases of the collision cross sections considered here. Surprisingly, for higher relaxation times, the difference in the values of the conductivity for Case (A) and Case (B) is very small (for both the second and third approximations). The measured values of electrical conductivity given by Cool and Zukoski II are shown in Fig. 2 [Case (A)] and are found to be comparable with the first approximation of the present results. Table II gives the first and second approximations of the initial and the final values and the percent deviation.
In Fig. 3 , the variation of thermal conductivity with time is shown. Here only the first ( = second) and third approximations of the thermal conductivity are calculated for two different cross-section data-Case (A) and Case (B). Mainly, the el.ectrons and neutral particles contribute to the thermal conductivity. In the present case the electron number density increases due to inelastic collisions during ionization relaxation time and hence thermal conductivity will also increase. Unlike the case of the electrical conductivity, the different cross sections of Case (A) and Case (S) significantly affect the third approximations of the thermal conductivity. This behavior of thermal conductivity is comparable qualitatively with the theoretical. calculations ofDevot0 2 for pure argon gas.
The behavior of viscosity 1) in the presence of chemical reactions is shown in Fig. 4 the gas temperature but as the ionization begins it starts decreasing. In the presence of chemical reactions in a partially ionized seeded gas, due to inelastic collisions, the degree of ionization increases even while the gas temperature is moderate and nearl.y remains constant. But this behavior is not seen in the caJcuJiation of viscosity for a neutral gas. Devot0 2 and Kannappan and Bose 3 have made theoretical calculations for the viscosity of a pure gas. In their calculations, 1) increases as temperature increases from 5000 to 10000 "K., as the degree of ionization in this range is negligible. But as the temperature is increased further, the degree of ionization also increases and then the viscosity starts decreasing. In the present analysis, a seeded gas is considered, where the ioni- zation due to inelastic collisions increases while the temperature remains almost same. Hence, the viscosity is nearly constant but shows a decreasing trend as the ionization increases with relaxation time. This behavior of viscosity can be seen more clearly for higher temperatures. where the degree of ionization is more. Thus. it is concluded that chemical reactions affect transport coefficients significantly. As is seen from Table H . the electrical conductivity is enhanced substantially from its thermal equilibrium value, the thermal conductivity is increased modestly and the viscosity is reduced but negligibly.
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